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1. To characterize from a molecular and functional point of view the endogenous NMDA
receptors expressed by phaeochromocytoma (PC12) cells, experiments involving polymerase
chain reaction (PCR) amplification, Western blotting and patch-clamp analysis of
undifferentiated and nerve growth factor (NGF)-differentiated PC12 cells were performed.
2. Analysis of PC12 mRNA demonstrated the presence of NMDAR1 and NMDAR2C
transcripts. The NMDAR1 subunits lack the amino terminal insert of twenty-one amino
acid residues, whereas transcripts with and without deletions I and II at the 3' end of the
coding region were detected. Thus, NMDA receptors of the PC12 cells might include
NMDAR1A, NMDAR1E, NMDAR1C and NMDAR1D subunits.
3. Differentiation by NGF treatment of PC12 cells did not alter mRNA expression for NMDA
receptor subunits significantly but induced an increase in both the NMDAR1 protein and
the total amount of functional receptors that correlated well with a parallel increase in
membrane area.
4. NMDA receptors in differentiated PC12 cells had a high affinity for both glutamate and
glycine. These were estimated kinetically as 059 /M and 74 nm, respectively. Responses to
glutamate or NMDA were non-desensitizing in the presence of saturating glycine, but
slowly desensitized with low concentrations of glycine. Currents were completely blocked by
D-aminophosphonovalerate (APV), 7-Cl-kynurenate and phencyclidine, and showed a
voltage-dependent magnesium blockade. Spermine did not potentiate but inhibited NMDA
receptor-mediated responses in a voltage-independent manner.
5. With 05 mm Ca2+, single-channel analysis revealed very brief openings (mean open time
(to) = 042 ms), with at least two conductive states, 55 and 33 pS, both having markedly
low open probability. At 2 mm Ca!', conductances were reduced to 39 and 19 pS, without
an effect in open probability or mean open time.
6. The functional properties of NMDA receptors in PC12 cells were very similar to those
described for NMDAR1A-NMDAR2C heteromers recombinantly expressed. The PC12 cell
line provides a simple and reproducible system to analyse some specific NMDA receptor
properties.
Studies on the physiological properties of neurotransmitter would allow the analysis of homogeneous populations of
receptors and their regulation depended largely upon the use receptors from an almost unlimited source of material.
of primary cultures of neurones prepared from immature Several cell lines have been shown to express mRNA for
brains. However, primary cultures contain a heterogeneous glutamate receptor subunits, but in none of them had
population of cells which limits manipulation and analysis. functional receptors been demonstrated until recently. Only
Cell lines expressing neurotransmitter receptors provide a when mRNA isolated from one of these cell lines was
system for studying important aspects of their properties injected into Xenopus oocytes, could electrophysiologically
as well as the regulation of gene expression. In particular it measurable responses be demonstrated (Lerma, Kushner,
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Spray, Bennett & Zukin, 1989). More recently, three cell
lines have been shown to express functional NMDA
receptors (Younkin et al. 1993; Turetsky, Huettner,
Gottlieb, Goldberg & Choi, 1993; Gonoi et al. 1994),
although they need long and/or complicated differentiation
protocols, and express a mixture of NMDA and non-
NMDA receptors.
Clonal rat phaeochromocytoma (PC12) cells, which are
derived from normal medullar chromaffin cells, are widely
used as a model system for sympathetic ganglion-like
neurones. In the presence of nerve growth factor (NGF),
PC1 2 cells undergo mitotic arrest and differentiate both
morphologically and biochemically into nerve cells (Greene
& Tischler, 1982). A diverse set of electrophysiological and
biochemical changes accompanying NGF-induced
differentiation have been documented (see Halegoua,
Armstrong & Kremer, 1991, for review and references).
Among the first, NGF-treated PC12 cells become
electrically excitable and respond to acetylcholine through
neuronal-type nicotinic receptors. Biochemical changes
comprise both transcription-dependent and transcription-
independent NGF-induced actions. NMDA receptor mRNA
has been recently reported in undifferentiated and
differentiated PC12 cells (Schubert, Kimura & Maher,
1992; Sucher et al. 1993), although no functional receptors
or detectable NMDA receptor proteins were found. In
contrast, in patch-clamp experiments we have found
NMDA- and glutamate-induced responses in PC12 cells
(L6pez-Guajardo, Mellstr6m, Naranjo, Casado & Lerma,
1993).
Since the cloning of the first NMDA receptor subunit
(Moriyoshi, Masu, Ishii, Shigemoto, Mizuno & Nakanishi,
1991), a family of NMDA receptor subunit cDNAs has been
described (NMDAR1, NMDAR2A, NMDAR2B, NMDAR2C
and NMDAR2D) (see Hollmann & Heinemann, 1994, for a
review). The NMDAR1 subunit presents at least seven
isoforms generated by alternative RNA splicing, which
differ in functional properties such as sensitivity to
modulation by polyamines and protein kinase C (see Zukin
& Bennett, 1995, for a review). NMDAR2 subunits do not
form functional homomeric receptors, but their coexpression
with the NMDAR1 subunit in Xenopus oocytes or
mammalian cells gives rise to larger NMDA receptor-
mediated responses than those due to NMDAR1 homomers
(Monyer et al. 1992). Besides, the four more simple
combinations of NMDAR1 plus NMDAR2 are pharmaco-
logically and electrophysiologically distinguishable (Ishii et
al. 1993), and even combinations of three different subunits
have been reported to be functional (Wafford, Bain,
LeBourdelles, Whiting & Kemp, 1993).
The aim of the present study was to characterize, from a
molecular and functional point of view, the NMDA
receptors expressed by PC12 cells to get an insight into
subunits as well as to evaluate this cell line as a suitable
system for further analysis of NMDA receptor expression
and function. A preliminary account of these results has
appeared (Casado, L6pez-Guajardo, Mellstr6m, Naranjo &
Lerma, 1994).
METHODS
Cell culture
PCI 2 cells were continuously grown in Dulbecco's modified Eagle's
medium (DMEM) supplemented with 6% heat-inactivated horse
serum and 6% heat-inactivated fetal calf serum, maintained in a
humidified incubator at 37°C and 10% C02. For differentiation,
PC12 cells were plated onto poly-D-lysine-coated 35 mm Petri
dishes, and treated with 100 ng ml-' NGF during 5 days. For
primary hippocampal cultures, cells were mechanically dissociated
from hippocampi of rat embryos (embryonic days 17-18) after
treatment with trypsin (0'12 mg ml-', 15 min, 37 00) and seeded
onto 35 mm Petri dishes previously coated with poly-D-lysine
(10 jug ml-') and laminin (4 ug ml-'). Cells were incubated in
DMEM supplemented as described (Lerma, Morales, Ibarz &
Somohano, 1994). Experiments were carried out 6 days after
plating.
Northern blot analysis
Total cellular RNA was isolated by CsCl centrifugation of
guanidium thiocyanate lysates from 100 mm Petri dishes. Size
fractionation of RNA was achieved by electrophoresis through
agarose-formaldehyde gels. Twenty micrograms of total RNA
were loaded per lane. 32P-labelled specific cDNA probes were
prepared using the random oligonucleotide primer method (Oligo-
labeling Kit, Pharmacia, Piscataway, NJ, USA). For the NMDA
receptor subunits NMDAR1 and NMDAR2C, fragments 1-347
and 1-229 from a low homology region were excised from pN60
(Moriyoshi et al. 1991) and pNR2C (Ishii et al. 1993) plasmids,
respectively. Blot hybridization and washing conditions have been
described elsewhere (Lucas, Mellstr6m, Colado & Naranjo, 1993).
Reverse transcriptase-polymerase chain reaction
(RT-PCR) analysis
One microgram of total RNA was reverse transcribed using
murine myeloblastosis virus reverse transcriptase (BRL) with
random hexamers (2-5 FM) as primers in a 20 F1 reaction mixture
containing 10 mM Tris-HCl (pH 8 5), 50 mm KCl, 5 mm MgCl2,
10 mM dithiothreitol, 1 mM of each deoxyribonucleoside
triphosphate and 20 U RNase inhibitor (Promega, Madison, WI,
USA). After 45 min at 42°C the reaction was terminated by
heating at 99 0C for 5 min. For PCR amplification, specific
oligonucleotide primer pairs, 0 5 FM each, were incubated with the
obtained cDNA and 2-5 U Taq polymerase (Promega) in a final
reaction volume of 100 ul, after adjusting the Mg2+ concentration
to 2 mm. Cycle parameters were 1 min at 94 0C, 1 min at 60 0C
and 2 min at 720C for 35 cycles followed by a final 5 or 10 min
incubation at 72 0C. Ten microlitres of each reaction were
electrophoresed through 2% agarose gels, blotted and hybridized
with the 32P-labelled pN60 cDNA as a probe. The primers used
(positions within the cDNA sequence from Moriyoshi et al. 1991,
shown in parentheses) for the N-terminal insertion (primers 1 and
2) were:
5' primer 5'-CCACTTCACTCCCACCCCTGTCTCC-3' (565-589),
naturally occurring combinations of NMDA receptor
392 J Physiol.490.2
3'primer 5'-GCAGAGCCGTCACATTCTTGGTTCC-3'(863-887).
) by guest on February 17, 2011jp.physoc.orgDownloaded from J Physiol (
NMDA receptors of PC12 cells
Primers used for the C-terminal deletions (labelled 3 and 4 in
Fig. 2B) were:
5' primer 5'-TCTCCGCTCAGGCTTTGGCATCG-3' (2523-2546),
3' primer 5'-CCGAGCAGCAGGACTCATCAGTGT-3' (3434-3457),
and (labelled 5 and 6 in Fig. 2C):
5' primer 5'-GAGCCCGACCCTAAAAAGAAAGCC-3' (2876-2899),
3' primer 5'-CGGCAGCACTGTGTUITY GGTT-3' (2996-3019).
Western blot analysis
PC12 cells from 100 mm dishes were harvested in a lysis buffer
(20 mm Tris-HCl (pH 7 5) with 0-32 M sucrose, 0-2 mm EDTA,
0 5 mM EGTA, 2 mm phenylmethylsulphonic fluoride (PMSF)
and 10 jug ml-' leupeptin) and centrifuged at 103 000 g for 30 min.
The resulting pellet containing cell membranes was resuspended in
100#1 GTED buffer (20% glycerol, 10 mm Tris-HCl (pH 7-5),
1 mM EDTA, 1 mm dithiothreitol). Fifty micrograms of membrane
protein were solubilized in SDS sample buffer containing 5%
2-mercaptoethanol, separated by 6% SDS-polyacrylamide gel
electrophoresis and electrophoretically transferred to nitrocellulose
membranes. The blots were blocked with 3% non-fat dry milk in
Tris-buffered saline (TBS, 20 mm Tris-HCl (pH 7'5), 137 mM
NaCl) and incubated 14-16 h at 4 °C with affinity-purified anti-
NMDAR1 mAb 54-1 (Pharmingen, San Diego, CA, USA; dilution
1:1000). The blots were washed with TBS containing 0 3% (v/v)
Tween. Immunoreactive bands were visualized by horseradish
peroxidase-conjugated anti-mouse IgG (dilution 1:1000) using
enhanced chemiluminescence (ECL, Amersham).
Recording conditions
Currents activated by excitatory amino acids were measured in
the whole-cell or outside-out patch configuration of the patch-
clamp technique using an L/M-EPC7 amplifier. Cells were rapidly
perfused by a fast perfusion system (see Lerma, 1992). Briefly, it
consisted of a linear array of ten glass tubes situated 200-300 #m
from the cell. The solutions flowed from adjacent barrels. Changes
were achieved by laterally displacing the whole perfusion array
using a motorized device under the control of a personal computer.
Reproducible solution changes, suitable for response averaging,
could be obtained with this method. Whole-cell responses were
filtered at 1 kHz, acquired (TL-1 DMA interface, Axon
Instruments) and averaged using a personal computer and
pCLAMP software (Axon Instruments). For whole-cell recording,
cell capacitance was measured using the slow capacitance
neutralization facility of the amplifier. Recordings obtained in the
outside-out configuration were low-pass filtered at 3 kHz (2-pole
Butterworth filter) before acquisition (10 kHz sampling rate).
Mean open time distributions and amplitude histograms were
constructed and fitted with the Fetchan and pSTAT programs of
pCLAMP 6.0 software. Only openings longer than 0-15 ms were
considered for analysis. All experiments were performed at room
temperature (20-25 °C). Results are given as means + S.E.M,
unless otherwise indicated.
Pipette solutions contained 130 mm caesium methanesulphonate,
15 mM CsCl, 0'5 mm CaCl2, 5 mm MgCl2, 10mM EGTA and
10 mM Hepes (pH 7'3; osmolarity adjusted to 320 mosmol 1-' with
sucrose). The extracellular medium contained 165 mm NaCl,
2'5 mm KCl, 0-5 mm CaCl2, 10 mM glucose and 10 mM Hepes
(pH 7'5; 330 mosmol F-').
NMDA, kainate, spermine, glutamate and glycine were purchased
from Sigma. D(-)-2-amino-5-phosphonovaleric acid (APV),
7-chloro-kynurenic acid (7-Cl-Kyn) and phencyclidine (PCP) were
obtained from Tocris Neuramin, Bristol, Avon, UK. NGF was
from Promega.
RESULTS
At a membrane potential of -70 mV, inward currents were
observed in whole-cell recordings of PC12 cells upon
perfusion of glutamate or NMDA in the presence of glycine
(Fig. 1A). No currents were promoted by the application
of kainate (300 /M, not shown). NGF induced an increase
in response amplitude that can be expressed as a shift in
the distribution of the response amplitude-frequency
histogram (Fig. 1B). Incubation with NMDA antagonists
during NGF treatment further shifted the distribution to
larger response values. To determine whether the increase
in response corresponded to an increase in receptor density
rather than to the overall increase in cell size, we estimated
the membrane surface area in undifferentiated and
differentiated cells by measuring the cell capacitance in
response to a 10 mV depolarizing pulse. As illustrated in
Fig. 1 C, the amplitude of NMDA-evoked currents correlated
well with membrane size. As cell lines may change upon
passage, five different stocks of PC12 cells, obtained from
different sources, were tested for NMDA-induced responses.
Results were essentially the same, indicating that NMDA
receptor expression in PCi 2 cells is not dependent on
passage number.
Identification ofNMDA mRNAs present in PC12
cells
Using Northern blot analysis of total RNA, we observed
high levels of expression of the NMDAR1 gene in untreated
PC12 cells (Fig. 2A; see also Schubert et al. 1992, and
Sucher et al. 1993). Neuronal differentiation of the PC12
cells by addition of NGF resulted in no change in the
levels of the NMDAR1 mRNA. Stripping of the blots and
successive reprobing showed the expression of the
NMDAR2C gene in PC12 cells with no change in the levels
of the NMDAR2C transcripts after NGF addition (Fig. 2A).
The presence of the specific transcripts for the other
NMDAR2 genes, A, B or D, in untreated or differentiated
PC12 cells was not detected either by Northern analysis or
by RT-PCR with specific primers for each of them (data
not shown).
It has been described that alternative splicing of three
exons of the NMDAR1 mRNA can produce eight possible
different variants. Seven of them have been identified and
functional NMDA channels show different electro-
physiological properties depending on the NMDAR1
isoform that participates in the receptor complex. Thus, we
attempted to characterize the isoforms expressed in PC12
cells in order to validate, in native receptors, the
correlation between molecular identity and function
previously established in transfected cell systems. For the
identification of the NMDAR1 isoforms present in PC12
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cells we used RT-PCR, with total RNA and several pairs
of amplimers. Use of the amplimers flanking exon a
(primers 1 and 2) revealed the absence of isoforms bearing
the a exon in both control PC12 cells and after neuronal
differentiation (data not shown). The analysis of exons ,
and y with flanking primers 3 and 4 resulted in three
amplified bands corresponding to isoforms - , + y,
+ /3- y and
-, - y (Fig. 2B). The isoform + /3 + y was
not detected with this pair of amplimers, not even in a
positive control with total RNA from rat brain (Fig. 2B).
Since this might be due to the presence of a GC-rich
region within exon ,B and immediately upstream thereof
(Moriyoshi et al. 1991), we tried to overcome this problem
by preparing additional primers (5 and 6) positioned within
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Figure 1. PC12 cells express functional NMDA receptors
A, currents elicited by the rapid application of 100 AM glutamate or NMDA plus 10 FM glycine (bar above
the records) in PC12 cells, undifferentiated (control) or treated with NGF. Vm = -70 mV. B, frequency
distribution of recorded cells according to their response amplitude at -70 mV when perfused with a
saturating concentration of agonists. Cells were recorded 5 days after plating. NGF was added to culture
medium at the moment of plating. NMDA antagonists (500 FUM APV and 100 fM 7-Cl-Kyn) were added
to control or NGF-treated cells at the moment of plating. C, correlation between NMDA receptor-
mediated response amplitude and measured membrane capacitance. Responses to 200 FM NMDA or
glutamate (plus 20 FM glycine) were recorded at -70 mV. Continuous line is the linear regression, having
a slope of 0 34 pA pF-'. Dotted lines correspond to 90% confidence interval. r is the correlation coefficient
(P < 0 01).
B
80
60
-T
c) 40O 400
E
z
2
0~r-
a *
0 *
0
100
394 J Physiol.490.2
%
) by guest on February 17, 2011jp.physoc.orgDownloaded from J Physiol (
NMDA receptors of PC12 cells
Co N
R2C 33
RlI
fl-Act
C 5_
. - +fl+y (144 bp)
Figure 2. Expression ofNMDA receptor subunits in PC12 cells
A, Northern blot analysis of total RNA from control (Co) and NGF-treated PC12 cells (N). Loading of
each lane was controlled for by probing the blot with ,-actin (,f-Act). B and C, RT-PCR of the splice
variants of NMDAR1 in control (Co) and differentiated (N) PC12 cells. Total RNA from rat brain (Br) was
included as positive control. * Migration of the isoform + ft + y not amplified with primers 3 and 4. The
identity of the amplified bands was confirmed by Southern blot hybridization with a 32P-labelled
NMDAR1 probe.
exons /, and y (Fig. 2C). With these conditions, a 144 bp
amplified band corresponding to the presence of the
isoform containing both segments ,1 and y was observed
(Fig. 2C).
Western blot analysis of the NMDAR1 protein in
PC12 cells
Using a monoclonal antibody against the NMDAR1
protein, a 116 kDa immunoreactive band was observed in
protein extracts from rat brain and PC12 cells. Neuronal
differentiation by NGF led to a substantial (8-fold) increase
in the amount ofNMDAR1 protein (Fig. 3). The increase in
NMDAR1 protein level was maximal 5 days after the
addition of NGF.
Functional characterization ofNMDA
receptor-channel complex in NGF-differentiated
PC12 cells
NMDA or glutamate-induced currents showed typical
features of NMDA receptor-mediated currents. Responses
were completely blocked by the competitive antagonist APV,
and by the glycine site antagonist 7-Cl-Kyn (Fig. 4A). In
Br Co N
kDa
Figure 3. Western blot analysis of NMDAR1 protein in control (Co)
and NGF-differentiated (N) PC12 cells
Protein extract prepared from adult rat brain (Br) was processed in parallel
as positive control. The migration of protein markers (mol. mass in kDa)
are indicated.
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the presence of saturating glycine (20 /SM), the responses
showed no desensitization, but with no added glycine a
clear desensitization did occur. The receptors also showed
channel block by both PCP and Mg2+ (Fig. 4B and C,
respectively). Mg2+ block was typically voltage dependent,
although complete blockade by 200 /uM Mg2+ was not
achieved. At a membrane potential of -90 mV, 200 ,UM
Mg2+ decreased glutamate-induced responses by 75 + 4%
(n = 3). In the absence of added glycine, a large NMDA-
induced inward current was still observed. However, a
significant concentration of contaminating glycine,
demonstrated to be present in our solutions (178 + 45 nM,
as determined by HPLC analysis), was probably
responsible for such responses. Interestingly, NMDA-
mediated responses partially and slowly desensitized in the
absence of added glycine (Fig. 5). Onset of desensitization
followed a single-exponential decay with a time constant of
about 1 s (IP05 + 0 22 s, n = 12). To determine recovery
from the desensitized state, twin-pulse applications of
A B
NMDA +APV +7-CI-Kyn
-0 ..... . -
- I
-Gly
+Gly 10 pA
1 s
NMDA were applied in the absence of added glycine (see
Lerma, 1992). Since contaminating glycine was continuously
present and the unbinding of NMDA is fast, the slow time
course with which the amplitude of the response recovered
mostly reflected recovery of NMDA receptors from the
desensitized state. Recovery from desensitization was well
fitted by a single-exponential function with a time constant
of 1-51 s (n = 7), corresponding to a recovery rate of
0-66 s-'. This value is much smaller than recovery rates
described in central neurones (>2 s-1: Sather, Johnson,
Henderson & Ascher, 1990; Lerma, 1992).
To determine the affinity for glutamate and glycine,
experiments were performed to measure the 'on' and 'off'
relaxations produced by concentration jumps of glutamate
in the presence of saturating glycine, and similarly,
different concentrations of glycine were pulsed in the
presence of saturating NMDA (Fig. 6A and C). To avoid
having the speed of perfusion as the limiting step of
PCP
5 pA
C
5
pA
Vm = -70 mV
Glu + Gly
+Mg2+
10 pA
2 s
-15
50
Figure 4. Pharmacological properties ofNMDA receptors in PC12 cells
A, NMDA-induced currents were potentiated by addition of glycine (20 FM). Responses were totally
inhibited by treatment with APV (500 uM) or 7-Cl-Kyn (100 FM). Note the presence of desensitization
when no glycine was added. A single exponential fitted to the decaying process had a Td of 1T05 s. All
records were obtained from the same cell. B, PCP (10 uM) blocked in a use-dependent manner glutamate-
induced responses (200 uM, 20/uM glycine). C, current-voltage relationship of glutamate-induced currents
in the presence or absence of 200 uM Mg2+. Inward currents were elicited by 1 s application of 200 uM
glutamate plus 20 uM glycine while holding the membrane potential at different voltages. An example at
-70 mV is shown on the left. All records are the average of 3 responses.
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receptor activation, intermediate rates of activation were
achieved by using low concentrations of glutamate and
glycine. Both the onset and offset of current relaxations
were well fitted by single exponentials (Fig. 6A and C).
Onset but not offset rates were concentration dependent
and rate values for glycine and glutamate were much slower
than the deactivation rate observed upon NMDA washout
(Twash5 30-40 ms; Fig. 6C), indicating that speed of
perfusion was not limiting in these experiments. The
analysis of relaxation rate constants (1/To0 and 1/T.ff)
produced by concentration jumps, served to estimate
microscopic dissociation (k/ff) and association (ko11) rate
constants assuming the following simple bimolecular
reaction scheme (see Benveniste, Clements, Vyklicky &
Mayer, 1990):
kon
GlyR Gly R-Glu
koff
for glutamate in the continuous presence of saturating
glycine, and
kon
NMDA-R = ' NMDA-R-Gly
kofff
for glycine in the continuous presence of saturating NMDA.
In these reaction schemes the state with both ligands bound
is in rapid equilibrium with the open state, since channel
open kinetics could be presumed to be fast compared with
agonist binding and no burst structure was detected in
single-channel recordings (see below). Therefore, the
equilibrium dissociation constant (Kd) could be calculated
from the ratio kIffk/1. For the action of glutamate a Kd of
0 59 ,UM was obtained, whereas for glycine a Kd of 74 nM
was estimated (Fig. 6B and D). It is worth noting that the
existence of background glycine leads to an overestimation
of the true koff from 1/'Toff, in such a way that the Kd for
glycine may be also overestimated. The kinetically
determined affinity value for glutamate was lower than the
EC50 value obtained from equilibrium dose-response curves
(1 6 /LM), a result accounted for by the deviation from unity
of the Hill coefficient (1 6). However, a certain heterogeneity
was observed in NMDA receptors of PC12 cells, since at
least two clearly distinguishable populations of 'off' rate
constant values were observed for glutamate (Fig. 7). The
first of these populations comprised 75% of the analysed
cells, and had a mean single-exponential decay (Toff) of
0-96 + 0-19 s. Twenty-five per cent of the cells showed
slower 'off' rate constants (Toff = 1 56 + 0 40 s) suggesting
an even higher affinity for glutamate.
Run-down of NMDA receptors has been frequently
reported as a loss of activity due to washout of intracellular
components during whole-cell recording (Rosenmund &
Westbrook, 1993). In order to study this phenomenon in
our experimental system, we measured the response to a
saturating amount of agonist plus glycine over a long time
period after establishing the whole-cell configuration. In
the measured time range (from 1 to 52 min) we found no
A
NMDA
~~1~ ~ I'
Figure 5. Onset and recovery from desensitization
A, twin pulses of NMDA (200 ,UM) were applied in the
absence of added glycine. The interval between first
(conditioning) and second (test) pulses was varied to measure
the speed of recovery from desensitization. Three
superimposed trials are shown. Onset of desensitization was
well fitted by a single exponential with a time constant of 1 s.
B, recovery was calculated as
[(peaktest- steady state)/(peakCOnd- steady state)] x 100
and was plotted versus the pulse interval. Recovery from
desensitization was well fitted by a single-exponential
function with the indicated time constant (Trec) (n = 7),
which corresponds to a recovery rate of 0-66 s-'.
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significant variations from the initial response (not shown),
thus indicating that NMDA receptor-channel currents in
PC12 cells do not undergo run-down.
Spermine inhibits NMDA receptors in PC12 cells
Since several actions on NMDA receptors have been
reported for polyamines, we analysed the effect of two
concentrations of spermine on responses induced by agonist
jumps (200 ,uM) in the presence or absence of added glycine
(Fig. 8). Spermine had no effect on membrane holding
current. We found no potentiation effect of spermine on
A
C
Glutamate (juM)
2s 2s
10 pA
0
400 ms 2 s
D
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6
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2
_
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Gly (0-6 um)
. M 10 pA 0
rnd others J Physiol.490.2
responses induced by glutamate or NMDA plus glycine at
any membrane potential nor at different spermine
concentrations. Rather, we observed a dose-dependent
voltage-independent inhibition of NMDA-induced responses
when spermine was added. At a membrane potential of
-70 mV, the response induced by NMDA or glutamate
perfusion with 500 /uM spermine was 63 + 1% (n = 14) of
the response obtained with no spermine added. At -30 mV
it was 67 + 2% (n = 8), and at +30 mV the response with
500 /uM spermine was 63 + 3% (n = 4) of the control
response. In the absence of added glycine, we did not
B
* 1/Ton
01 /roff/
15 -
10-
a:
5
[Glutamate] (1uM)
[Glycine] (uM)
2 s
Figure 6. NMDA receptors of PC12 cells have high affinity for glutamate and glycine
Equilibrium dissociation constants for glutamate and glycine were determined kinetically. In the presence
of 20 /M glycine (A) or 200 /M NMDA (C), responses were induced by step applications (indicated by bars)
of glutamate (A, 1-10 AM from top to bottom) or glycine (C). Onset and offset of current relaxations were
fitted with single-exponential functions (continuous lines through data points). Note that current
deactivation upon NMDA withdrawal is much faster than glutamate- or glycine-induced current
relaxations. Assuming the simplest bimolecular reaction scheme (Ago + R = AgoR, where AgoR is the
active state), the relationship between agonist concentration and onset rate is given by
/To.= ko.[Ago] + koff, where k0n is the association rate constant; koff is the dissociation rate constant;
and [Ago] is the jump concentration of either glutamate or glycine. B and D, plots of association (1/-rn)
and dissociation (t/1off) rates versus glutamate and glycine concentrations, respectively. Association but
not dissociation rates varied linearly with agonist concentration. The association rate constants (ko1) were
calculated from the slope of the linear regressions. 1/Toff, rather than zero concentration intercepts, were
taken as the dissociation rate contants (k0ff). These were 0-85 and 0 95 s-' for glutamate and glycine,
respectively. The equilibrium dissociation constants (Kd) were calculated from the ratio of the dissociation
and association rate constants (koff/kon). This value was 0 59 AM for glutamate and 74 nM for glycine.
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observe either spermine potentiation of responses nor
noticeable changes in desensitization kinetics. Under these
conditions, a similar degree of response reduction was
found.
Reducing agents potentiate NMDA receptors of PC12
cells
Native NMDA receptors have been demonstrated to be
very sensitive to redox agents (Aizenman, Lipton & Loring,
1989). Recently, redox sensitivity has also been found in
different recombinant NMDA receptors (K6hr, Eckardt,
Liiddens, Monyer & Seeburg, 1994). To clarify whether
NMDA receptors on PC12 cells have or do not have this
modulatory site, cells were perfused with the reducing
agent dithiothreitol (DIT) while recording the response to
NMDA plus glycine. DTT (3 mM) increased the NMDA-
induced response to 488 + 22% (n = 3) of the initial
response (not shown). Current potentiation developed slowly,
reaching a maximum in 10-20 min. After DTT washout,
the amplitude of NMDA-induced responses decreased
slowly, remaining partially increased (201 + 70%) after
10 min.
Single-channel properties ofNMDA receptors in
PC12 cells
Single-channel currents were recorded in outside-out
patches excised from PC12 cells. Channel openings were
induced by NMDA or glutamate in the presence of glycine.
A
Glu
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At least two conductance levels were detected, one of
54-6 + 2-6 pS and a second of 32-6 + 2-8 pS (n = 4), when
patches were perfused with 200 /SM NMDA and 20 /uM
glycine with an external Ca2+ concentration of 0 5 mM.
Similar results were obtained with 200 ,UM glutamate
(54 7 + 2-7 and 33-7 + 441 pS, n = 4). Typical distributions
of single-channel amplitudes are shown in Fig. 9C. Frequent
transitions were observed between these two conductance
levels. In most patches a conductance level of about 20 pS
was occasionally seen. However, when present, it constituted
less than 10% of openings and it could not be well resolved.
In the example shown in Fig. 9C short conductance
openings were enough to appear in the amplitude
distribution histogram as an independent conductance level.
Open time distributions revealed very short open times.
For the two main amplitudes, the distribution was fitted
by a single-exponential function, with a time constant of
0-42 + 0 08 ms (n = 3) (Fig. 9D). The dependence of
current amplitudes on patch potential is plotted in Fig. 9B.
Interpolation gave estimated reversal potentials close to
0 mV for both conductances. The opening probability was
very small, falling to <10-3 in several patches, and long
burst activity (see Gibb & Colquhoun, 1992) was not
apparent. About 50% of openings were to each sub-
conductance level. Raising external Ca2+ from 0 5 to 2 mM
produced a decrease in whole-cell recorded inward currents
(data not shown). At the single-channel level, this effect
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Figure 7. Hetereogeneity of the 'off' rates for glutamate
A, responses elicited by 200 uM glutamate plus 20 uM glycine in two different cells. 'Off' responses are
fitted with a single exponential. B, frequency distribution of the time constant values measured for current
deactivation upon glutamate withdrawal in NGF-differentiated cells. The distribution was well fitted by
the sum of two Gaussians with the indicated means (+ S.D.).
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Figure 8. Spermine inhibits NMDA responses in PC12 cells
A, effect of 500 uM spermine on responses induced by 200 uM NMDA with (right) or without (left) added
glycine (20 gM). Both NMDA-induced responses were reduced in the presence of spermine (bottom). B, the
inhibitory effect of spermine on NMDA-induced responses was independent of membrane potential.
Bars represent means + S.E.M. of response amplitudes, expressed as percentage of control, at two
concentrations of spermine.
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Figure 9. Single-channel properties ofNMDA receptors in PC12 cells
A, examples of single-channel currents from an outside-out patch. Records were low-pass filtered at 3 kHz.
The dotted lines show the three conductance levels. Membrane potential was -100 mV in standard
extracellular solution containing 200juM glutamate and 20#M glycine. B, averaged single-channel
current-voltage relationships for both main conductances. Reversal potentials were close to zero, and
slope single-channel conductances (y) were 55'9 and 32-2 pS. C, amplitude distribution histogram from the
outside-out patch shown in A. Three Gaussians, with the indicated values, were fitted to the distribution
of openings D. The open time distribution for the same patch was well fitted by a single-exponential
function with the indicated time constant (L., mean open time).
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was accounted for by a decrease in both subconductances
to 39-2 + 3 0 and 19-3 + 041 pS, respectively (n = 3). In
contrast, no changes were observed in opening probability
or mean open time (0-48 + 0 09 ms; n = 3). Given the very
brief open time and the low open probability, the number
of channels per patch was difficult to calculate. Double
openings were never observed, but a high percentage
(>80%) of the excised patches displayed channel activity,
suggesting uniform distribution of NMDA receptors as well
as a relatively high densitiy.
We also studied the effect of glycine and the desensitization
properties of receptors in excised patches. Added glycine
resulted in an increase in open probability, without
affecting conductances or open time distribution. More
surprisingly, unlike the phenomenon observed in patches
excised from hippocampal neurones, where desensitization
markedly increased after excision of the patch (Fig. 10)
(cf. Sather et al. 1990), we still found no desensitization in
outside-out patches excised from PC12 cells in the presence
of glycine (n = 9).
DISCUSSION
Our results demonstrate that PC12 cells express functional
NMDA receptors probably formed by the combination of
subunits NMDAR1 and NMDAR2C. NMDAR1 subunits
lack the N-terminal insertion, while the four possible
combinations from the two C-terminal splice sites are
present in this cell line. We had previously examined
various cell lines for the presence of NMDA receptors by
RT-PCR. Although several of those expressed NMDAR2
receptor subunits (A, B and C), none of them, except PC12
cells, expressed NMDAR1 mRNA and exhibited functional
responses (Lopez-Guajardo et al. 1993).
NGF treatment of PC12 cells resulted in an increase in
the amplitude of responses to glutamate or NMDA. This
response augmentation correlated well with the parallel
increase in cell size as estimated from measured whole-cell
capacitance. No specific induction of NMDAR1 or
NMDAR2C receptor mRNA was observed, but an elevation
in NMDAR1 protein was detected by Western blot analysis
after NGF treatment. Although an inhibition of receptor
degradation could not be ruled out, this result indicates
that translation, but not transcription, is stimulated after
differentiation. These results also suggest that translation
of subunit mRNAs does not imply the appearance of
functional channels, as previously shown for several
receptors (e.g. Tyndale, Hales, Olsen & Tobin, 1994) and
that the presence of protein in the total membrane fraction
may not correlate with the amount of functional receptors.
The lack of a concomitant increase in NMDAR2C subunit
protein would also account for the lack of specific induction
of functional receptors. This assumption rests on the basis
that one or more subunits in addition to NMDAR1 are
PC12
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NMDA + Gly
lk
Figure 10. NMDA responses in PC12 cells do not
desensitize in the outside-out patch configuration
Two hundred micromolar NMDA with 20 uM glycine was
applied at -70 mV in the whole-cell configuration (A) and
after an outside-out patch was excised from the same cell
(B). Note that, in the PCI 2 cell (left) desensitization is not
apparent in either case. For comparison the same
experiment was carried out in a hippocampal cell (right)
(6 days in culture). Note how desensitization is faster and
more marked after excising a patch.
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necessary for the expression of functional channels in
mammalian cells (Monyer et al. 1992). In such a case, the
availability of NMDAR2C subunits would be a limiting
step for the formation of functional heteromeric receptors.
However, the number of functional NMDA receptors in
PC12 cells is not negligible. If we take the slope of the
regression line in Fig. 1 C to calculate the conductance per
unit of membrane (pF), a density of about one functional
NMDA receptor-channel per square micrometre could be
estimated, independently of the degree of differentiation
(assuming a specific membrane capacitance of 1 1sF cm-2,
42 pS as the mean single-channel conductance and 0-001 as
the open probability). Such a density indicates the presence
of at least 1000 NMDA receptors in an undifferentiated
cell, suggesting that PC12 cells express a number of NMDA
receptors comparable with other channels. For instance, the
density of M-channels in PC12 cells has been estimated to
be lower, approximately 0-27 channels per square micrometre
(Villarroel, 1992). The very short open time and low open
probability of NMDA receptor-channels in PC12 cells (see
below) are probably responsible for the small amplitude of
NMDA-induced responses at the whole-cell level.
Recently, Sucher et al. (1993) found endogenous NMDAR1
transcripts in PC12 cells but failed to detect NMDA
receptor protein not only using an electrophysiological
approach but also in Western blots. These results agree
basically with those reported here in terms of mRNA but
contradict our findings of functional receptors and the
presence of receptor protein as detected by Western
blotting. The reason for such a discrepancy is not clear. The
antibody used for Western blot analysis was the same in
both studies and the patch-clamp procedures were similar.
In addition, we detected NMDA-induced currents in PC12
cells from five different sources, including those used in the
study by Sucher et al. with characteristics similar to those
described here. Thus, the reason why they did not detect
functional activity or receptor protein remains to be
clarified. However, as suggested by Sucher et al. (1993), a
post-transcriptional control of expression for the NMDAR1
subunit expressed by PC12 cells is not ruled out but
supported by our results.
Previous studies have shown glutamate-induced cell death
in PC12 cells (Schubert et al. 1992). However, such toxicity
was NMDA receptor independent. In our hands, protection
of cells with NMDA antagonists during NGF differentiation
resulted in an increase in the proportion of recorded cells
with large responses. This result suggests the existence of a
naturally occurring cell death due to NMDA-dependent
excitotoxicity in PC12 cells during differentiation.
Functional properties ofNMDA receptors
NMDA receptors in PC12 cells exhibited the well-known
properties of NMDA receptors in other systems, such as
blockade by APV (Olverman, Jones, Mewett & Watkins,
1988), potentiation by glycine (Johnson & Ascher, 1987;
Lerma, Zukin & Bennett, 1990), complete block by the
glycine site antagonist 7-Cl-Kyn (Lerma et al. 1990), and
channel block by PCP (Lerma, Zukin & Bennett, 1991)
and Mg2+ (Mayer & Westbrook, 1987; Ascher & Nowak,
1988). They also showed special features which resembled
recombinant NMDAR1-NMDAR2C heteromers (Monyer et
al. 1992), such as no desensitization in the presence of
saturating glycine and incomplete Mg2+ block even at
highly hyperpolarized potentials.
Kinetically determined affinity constants for glutamate and
glycine revealed an unusually high affinity for both ligands.
High affinity for glycine accounts for responses recorded in
the presence of background glycine, since it was enough
(>Kd) to allow receptor activation. However, in spite of the
presumptive homogeneity of a cell line, we detected cells
with different 'off rates upon glutamate withdrawal,
reflecting the existence of at least two subpopulations of
receptors. Post-transcriptional modifications and/or the
detected variability at the Cterminal splice site may
underlie this heterogeneity.
In PC12 cells, NMDA receptors revealed a number of
important features. For instance, glycine-dependent and
glycine-independent desensitization processes have been
found in neuronal NMDA receptors (Lerma et al. 1990;
Sather et al. 1990). In PC12 cells, desensitization of NMDA
receptors was fully abolished by glycine and there was no
evidence for glycine-independent desensitization. Glycine-
independent desensitization is very obvious in excised
outside-out patches as compared with whole-cell currents
(Benveniste et al. 1990; Sather et al. 1990). NMDA
receptors in PC12 cells showed similar desensitization
properties in excised patch and whole-cell configurations.
Thus, both types of desensitization are dissociated in PC12
cells, suggesting that in these cells NMDA receptors should
lack some of the structural motifs responsible for glycine-
independent desensitization. Similarly, NMDA-induced
currents in PC12 cells do not show typical run-down in
that no significant changes in the amplitude of the NMDA-
induced responses were observed when responses to a
saturating amount of agonist plus glycine were recorded
over a long time period. According to the model for the
run-down of NMDA receptors proposed by Rosenmund &
Westbrook (1993), NMDA receptors in PC12 cells might
lack the native anchorage to cytoskeleton probably present
in neurones, providing a system for the study of
interactions between receptor and cytoskeleton.
Previous studies have been devoted to the effect of
polyamines on NMDA responses in neurones, showing
either potentiation (Lerma, 1992), or both potentiation
and voltage-dependent block (McGurk, Bennett & Zukin,
1990; Benveniste & Mayer, 1993). The degree of both
effects on NMDA receptors is highly variable in cultured
neurones, probably due to the expression of diverse NMDA
receptors composed of different subunits. The effects of
polyamines have been recently studied in heteromeric
combinations of NMDA subunits expressed in Xenopus
402 J Physiol.490.2
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oocytes. The absence of the N1 splice insert in NMDAR1 is
needed for glycine-independent polyamine potentiation,
while NMDAR2B is a permissive subunit for that effect in
heteromeric combinations (Zukin & Bennett, 1995). In
addition, spermine potentiates NMDAR1-NMDAR2A or
NMDAR1-NMDAR2B receptors by increasing glycine
affinity. However, in any combination where NMDAR2C is
present there is no potentiation of responses by spermine,
but a slight inhibition is observed. In PC12 cells no
potentiation of responses by spermine at any concentration
of glycine was found, which is in good agreement with the
NMDAR1-NMDAR2C nature of PC12 NMDA receptors.
We instead observed a dose-dependent inhibition by
spermine of NMDA responses. This inhibition was voltage
independent, ruling out an open channel block mechanism.
Thus, this site represents a new allosteric modulatory site,
which must be present in the specific association of subunits
expressed by PC12 cells. This site does not interact with
the glycine site, since inhibition by polyamines proceeded
independently of glycine concentration.
Single-channel analysis of PC12 NMDA receptors showed a
strong similarity with those properties reported by Stern,
Behe, Schoepfer & Colquhoun (1992) for combinations of
NMDAR1A-NMDAR2C expressed in oocytes. Two main
conductance levels were detected: 54'6 and 32'6 pS at an
external Ca2+ concentration of 0'5 mM. Raising the Ca2+
concentration resulted in a decrease in the whole-cell
response as reported for neuronal NMDA receptors by
Ascher & Nowak (1988). Such a current decrease was due to
a reduction in single-channel conductance rather than to a
change in mean open time (not shown). A similar effect of
Ca2+ has been reported in neuronal receptors, indicating
that, as for neurones (Jahr & Stevens, 1993), NMDA
receptors in PC12 cells are blocked by Ca2+ while it
permeates the channels. Single-channel properties of
NMDA receptors present in PC12 cells may be compared
with those previously reported in other preparations, such
as exogenously expressed recombinant receptors (Stern et
al. 1992), cultured neurones or brain slices. Taking into
account the different Ca2+ concentrations used in different
studies, conductances and mean open times of NMDA
receptors in PC12 cells are similar to those of recombinant
receptors made up of NMDAR1A plus NMDAR2C, and to
some of the NMDA receptors present in adult cerebellar
cells (e.g. Howe, Cull-Candy & Colquhoun, 1991). However,
they are clearly different from those shown by
NMDAR1A-NMDAR2A and NMDAR1A-NMDAR2B
heteromers, or those expressed in hippocampal neurones
(Gibb & Colquhoun, 1992). The mean open time of PC12
channels is extremely short, and bursts are not detectable.
Short lifetime for openings may account for the low
potency of channel blockers since the limiting step would
be the rate of entering the channel. This explanation also
accounts for the lack of voltage-dependent spermine
argiotoxin (Raditsch et al. 1993), and the limited extent of
magnesium block of both PC12 and exogenously expressed
NMDAR1-NMDAR2C NMDA receptors. Open probability,
although variable from patch to patch, appeared to be much
lower than that of forebrain NMDA receptors (e.g. Jahr,
1992).
In conclusion, our findings demonstrate NMDA receptors
in PC12 cells with unusual properties. These include high
affinity for substrates, absence of glycine-independent
desensitization, slow glycine-dependent desensitization and
slow recovery rate, lack of run-down, voltage-independent
block by polyamines, a low effect of channel blockers, short
open time, low open probability and absence of changes in
the desensitization kinetics in excised patches. Thus, the
PC12 cell line may be a suitable system to study potentially
important aspects of NMDA receptor regulation, gene
expression and physiology.
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